An analytical method for the simultaneous determination of 12 pyrethroids in soil samples was developed using gas chromatography tandem quadrupole mass spectrometry. Pyrethroids were extracted by pressurized liquid extraction with optimized parameters such as solvent, temperature and extraction time. Then the graphitized carbon black cartridges were used for further purification. The method showed good linearity (R2 >0.9931) and good repeatability (RSD ≤12.6%) for all compounds, with the method detection limits ranging from 0.26 ng g -1 for transfluthrin to 0.87 ng g -1 for prallethrin. The recoveries of all compounds were 75 -120%.
Introduction
Pyrethroids are synthesized derivatives of naturally occurring pyrethrins, the toxic constituents of the flowers of Tanacetum cinerarieafolium. 1, 2 Because of their potential insecticide properties and low mammalian and avian toxicity, 3, 4 synthetic pyrethroids have been widely used as insecticides in modern agriculture. As a result of their wide usage, pyrethroids have tended to adsorb on the soil due to their hydrophobicity and can be released into the atmosphere, plants and even surface water. 5, 6 Thus, these compounds have caused an increasing environmental concern.
Many analytical methods were developed to determine the presence of pyrethroids in soils. As sample pretreatment procedure, conventional extraction techniques of pyrethroids from soils include liquid-solid extraction (LSE), 7 Soxhlet extraction, 8 ultrasonic solvent extraction (USE), 9 and microwave assisted extraction (MAE). 10, 11 LSE and Soxhlet extraction are time-consuming and organic solvents-consuming. Generally, USE and MAE are used to improve the extraction efficiency but they have low selectivity and require a filtration step. 12, 13 As another effective approach, pressurized liquid extraction (PLE) allows one to extract analytes from soil with higher extraction efficiencies, shorter extraction time and less usage of organic solvents.
14 U.S. EPA approved this method for the analysis of organic compounds in complex matrices.
During the extraction, a lot of interfering materials may be co-extracted along with the target compounds due to their high solubility in organic solvents. There are some methods which have no further clean-up, and the soil extracts were determined directly by instruments. 9, 10, 15 As a result, these interfering materials may lower the analytical sensitivities and reduce the column's lifetime. So the clean-up step is necessary for enhancing the method's sensitivity. Solid-phase extraction (SPE) is an effective tool for sample purification. In previous research about pyrethroid analysis in soils, Florisil SPE cartridge was commonly used for purification. 7, 10 However, this cartridge can not remove pigments effectively. Herein there is a need for the development of other SPE methods.
For the instrumental analysis of pyrethroids, gas chromatography (GC) [16] [17] [18] or gas chromatography mass spectrometry (GC/MS) [19] [20] [21] is the commonly used technique. Compared to these techniques, gas chromatography tandem quadrupole mass spectrometry (GC/MS/MS) presents much higher accuracy in identification and confirmation of compounds than any single stage mass sepectrometry technique, because isobaric interferences are avoided and multiplecomponent spectra can be resolved. 22 Furthermore, with the GC/MS/MS analyzer, more compounds can be spectrometrically resolved in a reduced analysis time. 23 In this research, a novel method for the determination of 12 pyrethroids in soils using GC/MS/MS analysis coupled with PLE and SPE was developed. Several parameters which affect the extraction efficiency of PLE were investigated in detail. The clean-up conditions of SPE and the GC/MS/MS operating parameters were also optimized.
Experimental

Reagents and analytical standard
Transfluthrin, prallethrin, resmethrin, bifenthrin, fenpropathrin, tetramethrin, lambda-cyhalothrin, permethrin, cypermethrin, flucythrinate, fenvalerate, deltamethrin and the internal standard 2,2′,3,4,4′,5′-hexachlorobiphenyl ( 13 C12-PCB 138) were puchased from Cambridge Isotope Laboratories (Andover, MA). All the organic solvents were HPLC grade.
Individual standard stock solutions of 1000 μg ml -1 were prepared by dissolving 10 mg in n-hexane (10 ml). Serial working solutions were obtained by diluting and combining stock solutions in appropriate amounts. All the standard soultions were stored in amber-colored vials at 4 C. The soil samples were from different places of Huairou District, Beijing. The soil samples were freeze-dried, ground and sieved to 0.5 mm, and stored at -4 C before use.
Procedure of pressurized liquid extraction
The PLE was performed with an ASE 200 system (Dionex, Sunnyvale, CA). Each soil sample weighing 10 g was spiked with 100 ng of all target compounds and mixed with 2 g diatomaceous earth (Dionex). Then the sample was transferred into a 22-ml extraction cell. The extraction was carried out under different condition settings (extraction solvent, temperature, extraction time) with a constant pressure at 1500 psi. The extract was concentrated to near dryness under a gentle nitrogen stream at room temperature and then redissolved in n-hexane (1 ml).
Clean-up
Four types of SPE cartridges were screened for purification, including graphitized-carbon black (GCB) cartridge (Envi-carb, 0.5 g, 6 ml; Supelco, Bellefonte, PA), Florisil cartridge (500 mg, Waters Co., Milford, MA), silica cartridge (500 mg, Waters Co.) and C18 cartridge (500 mg, Waters Co.). Operating conditions are summarized in Table 1 . One milliliter of n-hexane sample extract was loaded onto the column. The eluate was concentrated with a nitrogen stream at room temperature till the last drop of solution visibly disappeared, then redissolved in the recovery standard ( 13 C12-PCB 138, 100 ng ml -1 ) solution (0.20 ml), and this mixture was finally injected into GC/MS/MS.
GC/MS/MS conditions
All GC/MS/MS analyses were carried out using a Waters Micromass Quattro Micro GC triple quadrupole mass spectrometer, directly interfaced to an Agilent 6890N GC oven, incorporating an auto-sampler (Gestel MPS2, Germany). All data acquisition and processing were performed using Masslynx 4.1 software. A DB-5 capillary chromatography column (30 m, 0.25 mm i.d., and 0.25 μm film thickness) was coupled directly to the MS source. Helium (99.999%) was used as the carrier gas at a flow rate of 1.0 ml min -1 . One microliter of sample was introduced by splitless mode injection. The MS was operated in the electron ionization (EI) mode with an electron energy of 70 eV. The filament current was 4.8 A. The temperatures of the transfer line and ion source were set at 280 and 250 C, respectively. Ultra pure argon was used as the collision gas, and the collision cell pressure was set at 3.00 × 10 -3 mbar. The mass spectrometer was calibrated weekly with perfluorotributylamine. Multiple reaction monitoring (MRM) conditions were experimentally developed for each individual pesticide. Precursor and product ions, collosion energies and other parameters are shown in Table 2 .
GC operating conditions were as follows: initial column temperature 100 C, hold for 0.5 min, ramp at a rate of 20 -230 C; ramp at a rate of 5 -280 C, and hold for 8 min; injection temperature was set at 280 C.
Results and Discussion
Optimization of PLE Effect of the extraction solvent. Several commonly used organic solvents, dichloromethane (DCM), acetone, 50% DCM in acetone and 50% DCM in ethyl acetate, were used to extract 12 pyrethroids, and the results are shown in Fig. 1 . The extraction efficiency of 50% DCM in acetone was the optimal.
Effect of the extraction temperature.
Four extraction temperatures were assayed: 60, 80, 100 and 120 C. The best recoveries were obtained at 100 and 120 C. It is well known that many interfering compounds can be extracted at higher temperature. Furthermore, higher temperature may affect the extraction efficiency of the more volatile compounds. Therefore, 100 C is selected as the optimal extraction temperature for the efficient extraction. Effect of the extraction time. The extraction time was changed by using different cycle numbers. The static time was fixed at 10 min. Four cycle numbers (1, 2, 3, and 4) were checked. The result showed that recoveries increased with cycle numbers from 1 to 3. Four cycles did not produce appreciable improvement in the extraction efficiency. As a result, 3 cycles were used to assure a rapid extraction as well as high and reproducible recoveries.
SPE purification
The interference of matrix such as humus co-extracted during the PLE process needed to be minimized; thus further SPE purification was screened by using four types of cartridges. As shown in Fig. 2 , the recoveries obtained by Florisil and GCB columns are better than the two others. The PLE soil extract presents a dark yellow color, and after the extract has been flushed through the Florisil cartridge, the resulting eluate is pale yellow. When GCB is used, a colorless eluate is obtained. Furthermore, GCB adsorbents can eliminate non-polar interferents 24 and have been reported to capture oxygencontaining compounds via hydrophobic, electronic, and ion-exchange interactions. 25 So, GCB column was chosen as the pyrethroids SPE column. In this experiment, the results of using GCB SPE and without using SPE were also compared. It can be seen that the chromatogram noise decreased significantly after GCB SPE. GCB purification is effective in improving the sensitivities, especially for prallethrin, resmethrin and deltamethrin. Because of the serious matrix interference, these three compounds could not exhibit detectable peaks even when matched at 3 ng g -1 in PLE extracts. After GCB purification, however, prallethrin, resmethrin and deltamethrin achieved detection limits of 0.87, 0.61 and 0.29 ng g -1 , respectively.
Method validation
The linearity of the method was tested over a wide range of concentrations (see specific ranges for each analyte in Table 3 ). The analyses were performed in triplicate at each concentration level. As shown in the table, there is a good linear relationship between the analytical responses and pesticide concentrations, with correlation coefficients (R2) ranging over 0.9931 -0.9985. Method detection limits (MDLs) and method quantification limits (MQLs) were determined from spiked soil samples, as the minimum detectable amount of analyte with a signal-to-noise ratio of 3 and 10, respectively. They are also presented in Table 3 . MDLs ranged from 0.26 ng g -1 for transfluthrin to 0.87 ng g -1 for prallethrin. In order to establish the accuracy and intra-day precision, we spiked six replicates of each matrix solution (3 and 10 ng g -1 for two soil samples) and analyzed them using the proposed described method. Figure 3 shows the MRM chromatograms of target compounds in a spiked soil sample. The recoveries of all compounds were 75 -120%, and the relative standard deviation (RSDs) obtained was satisfactory for all analytes (Table 4) .
In this study, PLE, SPE and GC/MS/MS were combined to detect pyrethroids in soil. The method is labor-saving and solvent-saving due to the use of PLE, and it presents higher recovery, higher specificity and higher sensitivity compared to other reported methods.
The developed methodology was applied to analyze the target (Table 5) . These results could provide useful information for environmental risk assessment and environment managements of pyrethroids.
The MRM chromatograms of one sample are shown in Fig. 4 . The result demonstrated the capability of the proposed method for this application.
Conclusions
An analytical method for the extraction, purification and determination of 12 pyrethroids in soil samples was developed. The method consists of PLE, GCB SPE cleanup and GC/MS/MS determination. For the PLE, the optimal conditions were as follows: extraction solvent (50% DCM in acetone), temperature (100 C) and extraction time (30 min). The GCB SPE cartridge efficiently reduced potentially interfering species. The accuracy experiments and the precision experiments proved that the new technique was suitable for the determination of 12 pyrethroids in soil samples.
